Abstract -There is a lack of studies on a wide composition range for calcium phosphate glasses containing transition elements, e. 
I. INTRODUCTION
Glass and glass ceramics are valuable materials in many different fields. The most important advantages of glass are: (1) the variety of physical and chemical properties, (2) the option to produce glass-ceramics at lower sintering temperatures than most of ceramics and (3) ability to obtain more varied microstructures [1] . Calcium phosphate biomaterials are used to replace and to regenerate bone tissue. The role of phase and chemical compositions of calcium phosphate biomaterials are described extensively elsewhere [2] , [3] . The utmost popular glass in the field of biomaterials is Bioglass® [4] . Some authors have found glass in P2O5-Nb2O5-CaO-Na2O system to be bioactive and prospective material for bone tissue substitution [5] , [6] . Increasing the amount of Nb2O5 increases hardness and elastic modulus of phosphate glass [7] . Other authors have found niobophosphate glasses to have interesting nonlinear optical properties [8] , [9] ; though these studies explore only several compositions and do not give general regularities of the niobophosphate glasses.
The application of glass materials extends across diverse fields, but still there is no theory that would be able to predict glass forming ability of any new composition [10] , [11] . Glass forming ability is a crucial parameter of glass production. It is well known that glass can be obtained practically from all kinds of compositions if the cooling rate is high enough. However, if glass is produced by conventional cooling, production costs probably are significantly lower. There are several theories about the glass forming ability of oxides, but none of them can predict glass forming ability of all oxides and their mixtures. P2O5 is widely used glass former, making oxygen tetrahedra according to Zachariasen theory. CaO and Na2O are typical modifiers because of the highly ionic bond according to Smeckel theory [12] , while Nb2O5 is a transition metal oxide and its role is more unclear. The factors determining oxidation state of the transition metals are temperature, atmosphere and composition. When the temperature increases, the ratio of transition metal ions TM m+ /TM (m+1)+ is shifted towards the reduced state. Using non-oxidizing atmosphere or reducing additives (e.g. organic) also increases the proportion of reduced form of transition metal [13] .
The aim of this study was to investigate glass forming ability and crystalline phases of xP2O5-yNb2O5-zCaO-8Na2O systemto expand general understanding on the regularities in a wide range of composition of a phosphate glass system with transition element oxide.
II. EXPERIMENTAL PROCEDURE

A. Material Preparation
Reagent grade CaCO3, NH4H2PO4, Na2CO3 and Nb2O5 were used as starting materials. To remove moisture from NH4H2PO4 it was dried for 24 h at 120 °C. Nb2O5 was heated at 600 °C for 1 h.
Glasses were obtained using conventional heating and annealing technique. The system xP2O5-yNb2O5-zCaO-8Na2O was explored by step size of 10 mol%, where x + y + z = 100; x, y and z ranged from 0 mol% to 70 mol%, the amount of Na2O was constant for all samples -8 mol%. This kind of accounting was used due to 2-dimension composition chart; although it is a cross section of 3D composition chart (with 100 mol% Na2O on the top) at the level of 8 mol% Na2O. 2D chart was chosen for easier perception. The main role of Na2O is to lower the melting point of the batch.
Glass samples were obtained in batches with theoretical mass of 25 g. The samples are notated by amount of P2O5, Nb2O5 and CaO, some examples are presented in Table I .
Raw materials were melted in alumina crucibles in an electric furnace. Melting and homogenisation was done at 1250 °C for To obtain the reheated samples (glass-ceramics) obtained glasses were finely ground in an agate mortar, formed into pellets and heated at 850 °C for 1 h (according to previous studies [17] ).
B. Differential Thermal Analysis (DTA)
Glass transition and crystallization temperatures were determined by DTA. Fine powders of glasses were analyzed using a differential thermal analyzer (Thermoanalyse GmbH DTA/DSC) up to 1200 °C (if not molten by then). Sample heating rate was 1 °C/min. The reference material was powdered alumina. Measurements were conducted in an air atmosphere.
C. Scanning Electron Microscopy (SEM) With Energy Dispersive X-ray Spectrometry (EDS)
Homogeneity of glass or amorphous piece of heterogeneous samples and aluminium contamination from crucibles in glass was determined using EDS. Micrographs were taken by high field electron microscope (Mira Tescan) equipped with backscattered electron (BSE) detector. Energy dispersive X-ray spectrometry results were obtained with SEM equipped with Oxford Inca X-sight unit.
D. X-ray Powder Diffraction Analysis (XRD)
Phase composition was determined using diffractometer (PANalytical X'Pert Pro) with Cu tube at 30 kV and 40 mA, scan range was 2θ = 5 ° to 70 °, step size -2θ = 0.0334 °, irradiated length -7 mm, total time of measurement -8 min 12 s. ICDD PDF-2 database was used to identify crystalline phases.
III. RESULTS
The degree of crystallinity and colour of obtained melts varied considerably after cooling. Firstly, a visual inspection was carried out for sorting samples -transparent or opaque and smooth (glossy) or coarse. The inspection results were marked as following: G -transparent and smooth glass (see Fig. 1 a) ; C -opaque and with smooth edges, so it can be deduced that is has been molten, but crystallized afterwards during cooling (see Fig. 1 c) ;
gc -inhomogeneous sample containing transparent and opaque spots, marked Gc to signify sample with significantly more glass phase (see description of G) than crystalline one (see -C), gC -crystalline phase is more evident than glass phase (see example in Fig. 1 b) ; p -coarse, disintegrates when gripped by hand; powder-like or loosely sintered sample; s -coarse sample, more mechanically durable compared to group p; seems to be sintered, but had not been molten (see Fig. 1 d) . The summary of visual examination of samples across the investigated system is shown in Fig. 2 . Transparent samples or heterogeneous samples containing significant proportion of transparent phase were obtained in two regions -compositions with 30 mol% P2O5 and 10-90 mol% Nb2O5 content and compositions with 10 mol% Nb2O5 and 30-60 mol% P2O5. At 60 mol% and 70 mol% Nb2O5 and at phosphate content as low as 10 mol% the samples melted and could be poured from crucible, but the melt crystallized during cooling -samples were smooth but with opaque spots that contained crystals; some of dendrites were visible by naked eye (Fig. 1 c) . The ternary system xCaO-yNb2O5-8Na2O without P2O5 practically did not melt and remained in powder or slightly sintered form.
The ternary system xP2O5-yNb2O5-8Na2O without CaO also did not melt, but the raw material powder was strongly sintered. A noteworthy fact -even the composition with 70 mol% P2O5 (N3P7) did not melt.
Samples in ternary system xCaO-yP2O5-8Na2O without Nb2O5 were completely molten and transparent glass was obtained for samples with 50-70 mol% P2O5 content. Sample P4C6 was completely molten; however, during cooling it became completely crystallized and lost transparency. Sample P3C7 formed loosely sintered powder. Fig. 3 ; respective elemental analysis is shown in Table III .
Crystallization temperatures during reheating of obtained glasses were determined using DTA data. The obtained data is summarized in Table IV . DTA curves of glasses with 30 mol% P2O5 are shown in Fig. 4 .
Crystalline phase compositions of some cooled melts are given in Fig. 5 and summary for all samples is shown in Fig. 6 . Crystalline phases of ground and reheated samples are given in Fig. 8 ; XRD patterns of some Na4Nb8P4O32 containing samples are shown in Fig. 7 .
IV. DISCUSSION
A. Formation of Glass
Glass formation range of the investigated system is shown in Fig. 2 . Smeckel theory states that mixed ionic and covalent bonding is an essential requirement for glass formation [10] . The studied system shows agreement to this rule -CaO ionic bond promotes melting, while Nb2O5 with covalent bonding does not. Addition of CaO to P2O5-Nb2O5-Na2O system decreased melting temperature and glass was obtained, while compositions without CaO did not melt even with 70 mol% P2O5. While only 10 mol% CaO additive let the batches melt if phosphate content was as low as 10 mol%. The largest amount of Nb2O5 while obtaining a melt that was at least partly glass was 60 mol% in P3N6C1 and 70 mol% in P1N7C2; although these compositions had a high tendency to crystallize during cooling.
If the impact of Nb2O5 and CaO on ternary glass system is compared, it can be seen that up to 60 mol% of CaO can be added to P2O5 and glass is still obtained. While 30 mol% Nb2O5 content increases the melting temperature of P2O5-Nb2O5-Na2O system above 1250 °C. These results agree with other studies showing that binary phosphate glass can be obtained with CaO content up to 57.8 mol% CaO or with Na2O content up to 60.6 mol% [11] .
Investigated glasses in the ternary system xP2O5-yCaO8Na2O were colourless. Glasses containing Nb2O5 were coloured yellow or blue. Glasses containing 30 mol% P2O5 or less were yellow and became darker yellow to light brown when the amount of Nb2O5 was increased. Glasses with 40 mol% or more P2O5 were dark blue. This colour change is due to niobium oxidation state change from V to IV. Nb 5+ gives yellow colour, while blue colour indicates the presence of Nb 4+ [14] - [16] . P2O5 has highly reductive effect, so Nb 5+ reduces to Nb 4+ with increase of P2O5, e.g. dark blue P5N1C4 compared to yellow P4N1C5 and P4N2C4. CaO neutralizes the reductive effect of P2O5 by promoting the oxidized state of niobium. This agrees with the rule stated by C. Mercier: the oxidised state is favoured by the incorporation of network modifiers such as alkali and alkaline earth oxides in the glass structure [13] . This can be observed by comparing samples with 40 mol% P2O5 content: the samples P4N5C1, P4N4C2 and P4N3C3 are heterogeneousblue sintered powder and yellow glass mixture and the amount of yellow glass increasing together with CaO ratio in composition.
If samples with 50 mol% P2O5 content are compared, it can be observed that sample with blue colour is a sintered powder, while the sample with yellow colour is transparent and smooth. The blue samples are smooth and transparent for compositions with low niobia content -10 mol% Nb2O5 and for also the composition P7N2C1. It can be concluded that Nb 4+ is a glass modifier and increases the melting temperature of the system above 1250 °C if added in amounts larger than 20 mol%.
On contrast, Nb 5+ is glass former. Niobia stays in oxidized state in the compositions with 30 mol% P2O5 and at least 10 mol% CaO content, and these glasses have melting temperatures below 1250 °C. The same is true for samples with 60 mol% Nb2O5 content and sample P1N7C2; however, these melts have a high tendency to crystallize. Other authors have also investigated Nb2O5 rich glasses; in system Li2O-Al2O3-Nb2O5 the glass forming region was obtained with Nb2O5 content up to 70 mol% and at 80 mol% crystalline samples were obtained [10] . This is in agreement with statement that Nb 5+ is a glass former as shown in Sene et al. glass structure study, although the maximum content of Nb2O5 in this study was only 60 mol% and cooling rate was 35 °C/min [7] .
The homogeneity of transparent samples was verified by elemental analysis (see Table II ). Samples were mostly homogeneous. Some samples contained aluminium; the source of aluminium can be alumina crucible. If the aluminium amount is compared with Nb2O5 amount in sample, it can be proposed that glass containing more Nb2O5 is less corrosive to alumina crucible. Nb2O5 rich N6P3C1 contained few needle-shaped niobophosphate crystals (see Fig. 3 a) .
Only samples containing less than 20 mol% Nb2O5 had more than 1 at.% Al contamination; they almost all contained bulky calcium phosphate crystals and dendritic crystals containing Ca, Al, Nb, O and P elements, for an example see Fig. 3 b. In authors' opinion, this does not deteriorate the quality of obtained results, expressed material-property relationships and general conclusions. Furthermore, for biomaterials applications alumina contamination is acceptable, as it is found to be biocompatible [15] .
B. Glass Stability
Glass stability is defined in terms of resistance to crystallization of glass during heating -the difference in temperature between the onset of the glass transformation (Tg) region and the beginning of crystallization (Tx). High glass stability is important in glass processing in the final shape of an initial glass or preform [12] . With increasing content of Nb2O5 and decreasing content of P2O5, the glass transition temperature increased from 550 °C to 695 °C (see Table IV and Fig. 4 ) because of change in glass network bonds. The Nb-O-P and Nb-O-Nb linkages are stronger than the O-P bond, requiring higher temperatures for relaxation [7] . The crystallisation of samples with 30 mol% P2O5 starts in a range of 720 °C to 750 °C; no correlation between Tx and composition was found. However, most of these samples have two exothermic peaks in DTA graphs indicating crystallization -the maximum of first Materials Science and Applied Chemistry _________________________________________________________________________________________________2017/34 25 crystallization peak in the interval between 760 °C and 770 °C and the maximum of second peak or peak group is in the interval between 800 °C and 850 °C. With increasing amount of Nb2O5 the intensity of the first crystallisation peak decreased and the intensity of the second peak increased. Probably the first peak corresponds to crystallization of calcium phosphates and the second peak or peak group to crystallization of sodium niobates and sodium niobophosphates, as described elsewhere [17] The glass stability decreases from 128 °C for N2P3C5 to only 40 °C for N6P3C1 as the amount of Nb2O5 is increased and amount of CaO is decreased. Relatively high glass stability (135 °C) also is obtained in system 16Nb2O5-33P2O5-51CaO (see Table V ); the addition of 4 % Li2O decreases the glass transition and crystallisation temperature each by about 50 °C leaving glass stability constant [18] . Other authors have found that 0.58NaPO3-0.42Nb2O5 glass stability is 120 °C and just 0.5 % Ag2O additive lowers crystallization temperature and decreases the glass stability by 5 °C [8] . 40Nb2O5-33P2O5-27K2O 783 -- [19] 40 Nb2O5-60NaPO3 10Nb2O5-90NaPO3 ~690* ~380* -- [9] 40Nb2O5-30P2O5-30Li2O 10Nb2O5-30P2O5-60Li2O 626 429 791** 541 - [20] 16Nb2O5-33P2O5-51CaO ~700 835 ~135 [18] 37Nb2O5 + 63(2P2O5-BaO-K2O) 10Nb2O5 + 90(2P2O5-BaO-K2O)
* Read from graph. ** Temperature of crystallization peak maximum for bulk sample.
Tg and Tc of samples without Nb2O5 were significantly lower (see Table IV ), respectively 460-480 °C and 545-560 °C, and the amount of CaO does not affect these temperatures much. The glass stability was 80-85 °C. Small content of Nb2O5 (20 mol%) increased the glass stability, while larger amounts of Nb2O5 decreased the stability of glass. The obtained results agree with data given in literature (see literature review in Table V) 
C. Crystalline Phases of Cooled Batches
Not all compositions melted and formed transparent and smooth samples (like glass) as shown in Fig. 2 . It was not possible to obtain glass with composition 70P2O5-30Nb2O5-8Na2O at 1250 °C despite the high amount of phosphate; while it was possible to obtain glass for similar composition if 10 mol% of Nb2O5 was replaced with CaO. From this it could be stated that solid-state reactions between P2O5 and Nb2O5 during batch melt play an important role in batch melting. Furthermore, CaO efficiently decreased the melting temperature of composition -probably due to neutralization of acidity of phosphates, thereby preventing Nb 5+ reduction to Nb 4+ . Most of crystalline phases formed during heat treatment and subsequent cooling were niobates: calcium niobates in phosphorous-poor region (P2O5 < 20 mol%) and niobophosphates in calcium-poor region (CaO < 30 mol%) (see Fig. 5 and Fig. 6 ). In calcium-poor region Nb/P ratios in niobophosphate crystalline phases were various; there is some correlation between Nb/P ratio in starting composition and crystalline phase. Crystalline phase in N3P7 (Nb/P is 1/2.3) was NbP1,9O7 (Nb/P is 1/3.7), in a range of 40-60 mol% P2O5 there was mostly monocline or tetragonal NbOPO4 or NbPO5; in both of these phases niobium is in form of Nb
4+
. Samples with 40 mol% and 30 mol% of P2O5 contained Na2Nb6P4O26 where niobium is in form of Nb 5+ . These samples did not contain crystalline phase that contains calcium and would be detected by XRD, although the amount of calcium is 10-30 mol%; this indicates that calcium is in the amorphous phase. It is in agreement with previous statement that CaO lowers the melting temperature and promotes niobophosphate glass forming. Probably, CaO, Na2O and part of niobia bonds with phosphates forming the glass, while the rest of Nb2O5 reacts with the rest of phosphates forming niobophosphate with melting temperature above 1250 °C.
In phosphorous-poor region CaNb2O6 was mostly formed regardless of Nb2O5 and CaO amount. In two compositions (N4C6 and N3C7) a related compound -Ca2Nb2O7 -was formed. The melting point of CaNb2O6 and Ca2Nb2O7 is at 1560 °C, Nb2O5 melts at 1458 °C, and CaO at 2572 °C; the eutectic compositions of both oxides occur at CaO content 6 mol% (1362 °C), 23 mol% (1492 °C) and 34 mol% (1535 °C) [21] ; these temperatures are much higher than used in this study.
D. Crystalline Phases of Reheated Samples
After reheating to 850 °C most of samples contained several crystalline phases (see Fig. 7 ). The composition of crystalline phases obtained during reheating correlated to phosphorous amount in samples. Practically all glass samples after crystallization contained sodium niobophosphates. All samples contained at least one niobium-containing crystalline phase, while crystalline calcium phosphates were identified in compositions with Nb2O5 content less than 30 mol%.
For compositions in the phosphate-poor region that did not melt NaNbO3 formed additionally to CaNb2O6. While in calcium-poor region only monocline and tetragonal NOPO4 was found -the same as before reheating.
Glasses with 30 mol% P2O5 mostly crystallized to Na4Nb8P4O32 with some additional phases (Fig. 7) . The most intense peaks of Na4Nb8P4O32 were found in diffractogram of N3P3C4. In diffractogram of N4P3C3 very low Na4Nb8P4O32 peaks and peaks of another crystalline phase were found; the other crystalline phase was not identified although peaks were intensive. 
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27 Samples with 40 mol% P2O5 formed crystalline Na2Nb6P4O26 and Na4Nb8P4O32 additionally to NbPO5 that was found to be present after cooling. In samples that contained 50-70 mol% of P2O5 probably Na2Ca2Nb(PO4)3 crystallized. Calcium phosphates were only found in samples that cotained 30 mol% or less Nb2O5. The crystalline phases Na2Nb6P4O26 and Na4Nb8P4O32 are similar in their structure to bronze Nax(PO2)4(NbO3)2m [22] . Na4Nb8P4O32 is obtained also from 58 mol% NaPO3 with 42 mol% Nb2O5 at 1200 °C [8] . This author also has found that NaNbO3 crystallizes at lower temperature and that Na4Nb8P4O32 appears as a second phase at higher temperature. Glass ceramics in system xP2O5-yNb2O5-zCaO-8Na2O with maximum amount 20 mol% of Nb2O5 and minimum amount of 30 mol% CaO are prospective biomaterials for bone tissue replacement and an alternative to conventional calcium phosphate ceramics, e.g. tricalcium phosphate (TCP) and hydroxyapatite (HAp), because pressureless sintering of HAp is generally performed in the temperature range 1100-1250 °C [23] that is higher than the sintering temperature for the obtained glass ceramics. Also, the chemical properties of obtained glass ceramics can be more easily varied due to the opportunity to combine various crystalline and amorphous phases. The glass-ceramic structure, mechanical and chemical properties of these materials are intended to be investigated in further research.
V. CONCLUSION
In this research the glass formation and crystallization in xP2O5-yNb2O5-zCaO-8Na2O system was investigated and Nb2O5 role in phosphate glass was highlighted. Niobium was found to have two oxidation states -Nb 4+ and Nb 5+ -in this system. Oxidation state Nb 4+ was found in composition area with 40-60 mol% P2O5 (blue glass) and it was maintained during crystallization of respective niobophosphates during reheating of the glass.
Glass forming area was found to have two ranges; the first contained 30 mol% P2O5 (or CaO:P2O5 ratio between 1:1 and 2:3), the second containing 0-10 mol% Nb2O5. Addition of CaO to P2O5-Nb2O5-Na2O promotes the melting of batch below 1250 °C.
The ) content up to 70 mol%; however, large amount of niobia increased tendency of glass to crystallize during cooling. Nb 4+ gave glass only if Nb2O5 content was up to 20 mol%. At medium niobia content crystalline niobophosphates formed during the initial melting process and increased the melting point of batch above 1250 °C. Increasing the amount of CaO promotes the melting of batch with medium amount of niobia, probably due to decreasing the reducing nature of phosphates.
CaO reacts with Nb2O5, if phosphate amount is lower than 30 mol%, and increases the melting temperature of batch above 1250 °C.
The stability of glasses is low; the most stable composition was N2P3C5 where stability was 128°C. Glass transition temperature Tg for niobia containing glassy samples is in range of 550-695 °C; Tg increased with niobia content showing that niobia has a high impact on phosphate glass network.
During the reheating of the glass mostly niobium containing crystalline phases formed, but the composition of crystalline phases depends on and is proportional to the amount of phosphate in the sample.
During grinding samples for DTA and XRD, it was found that by increasing Nb2O5 content the hardness of glass strongly increases, so the further research will be devoted to investigation of mechanical properties and chemical properties of niobia-phosphate glass and glass-ceramics. It can be proposed that bioactivity of glass in this system can depend on oxidation state of niobium; that should be verified in further investigations.
